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Introduction
Fetal alcohol spectrum disorders (FASD) represent a range of neurocognitive and neurobehavioral impairments caused by in utero alcohol exposure (Mattson, Crocker, & Nguyen, 2011; Schaefer & Deere, 2011) . In the decades since fetal alcohol syndrome (FAS) was first formally described (Jones & Smith, 1975; Jones, Smith, Ulleland, & Streissguth, 1973) , a multitude of studies have documented the wide-ranging and deleterious effects of alcohol on the developing body and central nervous system (CNS) in humans (Niccols, 2007; Riley & McGee, 2005) . Children with FAS are the most severely afflicted by prenatal alcohol exposure, with a birth prevalence of at least 2e7 per 1000 births in the United States (May & Gossage, 2001; May et al., 2009) . At the opposite end of the spectrum, alcohol-related neurodevelopmental disorder (ARND) refers to individuals that express the cognitive but not physical abnormalities associated with prenatal alcohol exposure (Chasnoff, Wells, Telford, Schmidt, & Messer, 2010; Stratton, Howe, & Battaglia, 1996) . Due to difficulties in diagnosing ARND children in the absence of physical dysmorphology, however, the number of FASD children may actually be up to 10 times greater than reported (May & Gossage, 2001; Sampson et al., 1997) . Individuals across the FASD spectrum exhibit pervasive deficits in higher order cognitive functions such as attention, learning, memory, and executive function (Kodituwakku, 2007; Mattson et al., 2011; Niccols, 2007; Streissguth, 2007) .
FASD animal models, in which alcohol is administered to rodents during gestation or in the days immediately following birth, have been developed for investigating the teratogenic effects of alcohol on the developing brain (Stanton & Goodlett, 1998; West, Goodlett, Bonthius, & Pierce, 1989) . The extent of alcohol's neurotoxic effects is principally determined by the timing of exposure and the resulting blood alcohol concentration (BAC). The current study utilized ethanol exposure from PD 4 to PD 9, a period when the brain growth and development that occur in the rat are roughly equivalent to human brain growth and development in the third trimester of gestation (Bayer, Altman, Russo, & Zhang, 1993; Goodlett & Johnson, 1999) . Binge-like alcohol exposure in rats (i.e., a large dose of alcohol administered over a short time period) during the "brain growth spurt" period of early postnatal life induces structural and functional CNS deficits across multiple brain areas, including the cerebellum and hippocampus (Hamilton, Whitcher, & Klintsova, 2010; Hamre & West, 1993; Livy, Miller, Maier, & West, 2003) . An important goal of animal research is to better characterize these deficits across the full range of BACs associated with FASD in humans, particularly at low-to-moderate alcohol concentrations (Murawski & Stanton, 2011; Valenzuela, Morton, Diaz, & Topper, 2012) .
Eyeblink conditioning (EBC) is a simple form of motor learning and arguably one of the best understood models of mammalian associative learning due to its well characterized behavior (Gormezano, Kehoe, & Marshall, 1983) and neural circuitry (Christian & Thompson, 2003; Freeman & Steinmetz, 2011; ). In delay EBC, a conditioned stimulus (CS), an innocuous light or tone, overlaps and (typically) coterminates with a mildly aversive unconditioned stimulus (US), such as a corneal air puff or periorbital electric shock. Repeated CSeUS pairings result in a learned or conditioned response (CR) to the CS. In well-trained subjects, the CR is timed such that the eyelid is maximally extended just before onset of the US. Sensory information related to the CS and US is relayed to the cerebellum via granule cells and inferior olive cells, respectively, converging in 1 cerebellar deep nucleus, the interpositus (IP), and 2 regions of the cortex, lobule HVI and the anterior lobe ). Recordings of neuronal activity from the anterior dorsolateral IP during delay EBC have revealed populations of cells that discharge just prior to execution of the eyeblink CR, modeling the temporal form of the behavioral response in both rabbits and rats (Berthier & Moore, 1990; Freeman & Nicholson, 2000; McCormick & Thompson, 1984; Rogers, Britton, & Steinmetz, 2001) . The increase in CS-elicited spiking is proposed to activate downstream motor nuclei responsible for generation of the conditioned blink (McCormick & Thompson, 1984; Thompson, 2005) .
The cerebellum of the neonatal rat is highly vulnerable to ethanol during early postnatal development (Bauer-Moffett & Altman, 1977) , especially with binge-like doses that produce peak BACs in excess of 350 mg/dL. Ethanol-induced neuronal depletion is observed throughout the EBC brainstem-cerebellar neural circuit, including granule cells, inferior olive cells, Purkinje neurons, and IP neurons (Bonthius & West, 1991; Goodlett & Johnson, 1997; Green, Tran, Steinmetz, & Goodlett, 2002; Pierce, Serbus, & Light, 1993; Tran, Jackson, Horn, & Goodlett, 2005; Young, Sengelaub, & Steinmetz, 2010) . Indeed, even a single ethanol dose administered on PD 4 is sufficient to produce Purkinje cell death when these cells are counted in rats sacrificed just 10 h later (Idrus & Napper, 2012) . Ethanol exposure in early development is proposed to induce rapid apoptosis in the cerebellum (and associated brainstem structures), leading to long-lasting impairments in the acquisition of delay EBC in both juvenile and adult rats (Brown, Calizo, Goodlett, & Stanton, 2007; Green, Rogers, Goodlett, & Steinmetz, 2000; Lindquist, Sokoloff, & Steinmetz, 2007; Stanton & Goodlett, 1998; Tran, Stanton, & Goodlett, 2007) , although some differences in CR timing have been seen in ethanol-exposed rats across the 2 age groups with more complex forms of EBC (Brown, Burman, Duong, & Stanton, 2009; Brown, Calizo, & Stanton, 2008) . IP damage may preferentially affect delay EBC performance, with acquisition deficitsddefined by percentage of CRs or the blink's peak amplitudedsignificantly correlated to ethanol-induced IP cell loss (Green, Tran, et al., 2002; Young et al., 2010) . PD 4e9 ethanol exposure (5.25 g/kg/day) also produces slower-than-normal increases in learning-dependent IP unit activity to the CS (Green, Johnson, Goodlett, & Steinmetz, 2002) , possibly due to a reduction in the number of plastic cells capable of encoding the CSeUS association (Green, 2004 ).
An important factor related to the rate of acquisition and proper timing of the eyeblink CR is the interval between CS onset and US onset, known as the interstimulus interval (ISI). A series of studies in the rabbit have demonstrated that ISIs of 200e500 ms produce the most robust delay EBC and the best timed CRs relative to the expected US, compared to shorter or longer ISIs (Coleman & Gormezano, 1971; Frey & Ross, 1968; Schneiderman, 1966; Smith, 1968) . More recent work suggests that similar CSeUS intervals result in optimal CR acquisition and timing in rats as well as rabbits (e.g., ). During training with short or long ISIs, the temporal aspects of the conditioned blink must be adjusted to conform to the non-optimal stimulus configuration (Port, Mikhail, & Patterson, 1986) . Numerous studies have reported maladaptively timed CRs in eyeblink-conditioned subjects with an inactivated or damaged cerebellar cortex (Garcia, Steele, & Mauk, 1999; Medina, Nores, Ohyama, & Mauk, 2000; Perrett, Ruiz, & Mauk, 1993) , supporting a role for the cerebellar cortex, and the anterior lobe in particular, in regulating proper CR timing via precisely timed inhibition and disinhibition of the IP (Green & Steinmetz, 2005; Vogel, Amundson, Lindquist, & Steinmetz, 2009 ). Ethanol-induced cerebellar damage is predicted to interfere with the corticaleinterpositus interactions that control the adaptively timed eyeblink CR.
Hippocampal damage does not affect the acquisition of delay EBC (Akase, Alkon, & Disterhoft, 1989; Lee & Kim, 2004; Port, Mikhail, & Patterson, 1985; Schmaltz & Theios, 1972) , though pyramidal neurons in subregions CA1 and CA3 do display coincident increases in excitatory activity, modeling the amplitude and time course of the eyeblink CR (Berger, Laham, & Thompson, 1980; Berger & Thompson, 1978) . The hippocampus is also one of several forebrain areas sensitive to postnatal ethanol (reviewed in GilMohapel, Boehme, Kainer, & Christie, 2010) . Binge-like exposure (peak BAC > 350 mg/dL) across PD 4e10 and PD 2e10 reduced CA1 cell numbers when counted, respectively, on PD 10 (Livy et al., 2003) and later in adults (Tran & Kelly, 2003) . Interestingly, CA3 and dentate gyrus neuronal numbers were similarly reduced when counted on PD 10 but not in adult animals, suggesting compensatory mechanisms may selectively promote recovery in these 2 brain regions. Hippocampal-dependent learning is also impaired following early ethanol insult. For instance, trace EBC, in which the CS turns on and off prior to presentation of the US, relies on the hippocampus in addition to the basic brainstem-cerebellar circuit for successful learning (Woodruff-Pak & Disterhoft, 2008) . Postnatal ethanol exposure is reported to disrupt trace EBC following exposure to high concentrations of ethanol in juvenile rats (Murawski, Jablonski, Brown, & Stanton, 2013; Thomas & Tran, 2012 , but see Lindquist, 2013 . Impaired hippocampal-dependent learning (Morris water maze), and a blockade of long-term potentiation (LTP) induction in area CA1, have also been reported following prenatal ethanol exposure in the guinea pig (Richardson, Byrnes, Brien, Reynolds, & Dringenberg, 2002) . To our knowledge, hippocampal CA1 unit activity has not been previously recorded during delay EBC in adult rats administered ethanol during early postnatal life.
While PD 4e9 ethanol exposure is consistently reported to impair delay EBC acquisition across a range of ISIs, the effects on CR timing in adult rats have been more variable (Green et al., 2000; Lindquist, 2013; Tran et al., 2007) . For instance, relative to the sham intubation (SI) groupdwhich is the critical comparison for all ethanol-induced effects involving intragastric intubationdGreen et al. (2000) found significant lengthening of CR onset latencies in ethanol-exposed (5.25 g/kg/day) rats trained with a 350-ms ISI. Lindquist (2013) sequentially trained control and ethanol-exposed (5 g/kg/day) rats in trace and delay EBC. Significantly longer CR onset latencies were observed during delay EBC (580-ms ISI) in the ethanol-exposed rats compared to SI controls. Though no significant treatment group differences were seen in CR peak latency in either study, Green et al. (2000) saw a general reduction in peak latencies in ethanol-exposed rats whereas Lindquist (2013) saw an increase in peak latencies. Tran et al. (2007) also reported a general trend toward longer CR onset and peak latencies in adult rats trained with a 280-or 880-ms ISI, though no significant differences were found between ethanol-exposed (5.25 g/kg/day) and SI subjects.
The ISI can be manipulated within subjects to better accentuate putative timing abnormalities. Stanton and colleagues, for example, found dose-dependent impairments in both juvenile and adult rats concurrently trained with 2 distinct CSs (tone and light), each reinforced with a periocular shock US at a short, optimal (280 ms) ISI or a longer, non-optimal (880 ms) ISI (Brown et al., 2008 (Brown et al., , 2009 ). Only adult subjects displayed CR timing abnormalities and only to the long ISI, producing conditioned blinks with later onset and peak latencies than control subjects (Brown et al., 2008) . The current experiment employed the ISI shift paradigm, in which subjects were trained at one ISI and then switched to a second, longer ISI. Plasticity in CR timing typically occurs with ISI shifts as the latency to CR peak amplitude systematically moves toward onset of the new US (Hoehler & Thompson, 1980) .
In the present study, the training ISI was manipulated in order to assess the consequences of PD 4e9 ethanol exposure (3, 4, or 5 g/kg/day) on CR acquisition and timing in adult rats implanted with unilateral multiple unit recording electrodes targeted at the cerebellar IP and area CA1 in the hippocampus. Control and ethanol-exposed rats were submitted to 6 training sessions of delay EBC with an optimal ISI (280 ms) followed by another 6 sessions of delay EBC with a non-optimal ISI (880 ms). The goals of the present study were to: 1) examine delay EBC in adult rats exposed to low, moderate, or high doses of ethanol as neonates, 2) examine predicted changes in CR timing following the ISI shift, and 3) contrast IP and CA1 neuronal activity across the 5 treatment groups as a function of the training ISI.
Materials and methods

Subjects
Male and female Long Evans Blue Spruce rats (Harlan, Indianapolis, IN) were housed in breeding pairs in the animal colony room in the Department of Brain and Psychological Sciences at Indiana University. The morning after initial pairing (0900 h), vaginal smears were obtained from each female with sterile saline. The smears were obtained daily until the determination of gestational day (GD) 0, as evidenced by the presence of sperm in the sample. After females were positive for insemination, breeding pairs were separated, and the females were individually housed and checked daily for births. Parturition typically occurred on GD 22, designated PD 0. Litters were culled by PD 3 to 8e10 pups, with equal numbers of males and females when possible. On PD 3 rats were randomly assigned a number and a small amount of non-toxic India black ink was injected subcutaneously (s.c.) into one or more paws for identification and group assignment. Pups were weaned on PD 25 and housed in same-sex groups of up to 4 rats in standard laboratory cages (48 cm Â 20 cm Â 26 cm) in the animal colony room. Food and water were available ad libitum. The animal colony was maintained on a 12:12 h light/dark cycle (lights on at 0700 h). Thirty-five rats (18 male and 17 female) from 18 litters were used in the current study. All experiments were performed in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and approved by Indiana University's Institutional Animal Care and Use Committee. All necessary measures were taken to minimize pain and discomfort.
Neonatal treatment groups
On PD 4, pups of a given litter were placed on clean bedding in a small plastic container atop a heating pad to minimize heat loss. Each pup was identified by paw tattoo and weighed prior to intubation. When possible, one male and one female pup from each litter were assigned to one of 3 ethanol treatment groups (3 g/kg/ day [3E], 4 g/kg/day [4E], or 5 g/kg/day [5E]) or one control group, sham intubation (SI). Separate litters of pups comprised the Unintubated Control (UC) group. Pups in the ethanol-exposed and SI groups were intubated 3 times daily from PD 4 to PD 9. Intubations were separated by 2 h and occurred at 0900, 1100, and 1300 h. The first 2 intubations consisted of a solution of 6.80% (v/v), 9.06% (v/v), or 11.33% (v/v) ethanol in milk formula administered at a volume of 0.02778 mL/g body weight (West, Hamre, & Pierce, 1984) . The third intubation consisted of milk formula alone. Group SI was intubated 3 times daily but no formula was ever infused. UC pups were weighed once daily over the intubation period but not intubated.
Blood alcohol concentration (BAC)
Blood samples were collected from intubated rat pups exposed to 0, 3, 4, and 5 g/kg/day of ethanol 2 h after the second ethanol/ milk intubation on PD 4. At least 20 mL of blood was collected into heparinized capillary tubes following tail clip. Samples from the ethanol-exposed rats were centrifuged and plasma was separated and immediately frozen at À70 C until analysis. Thawed samples were subsequently analyzed using the Analox GL5 Analyzer (Analox Instruments, Lunenberg, MA). An oxygen-sensitive electrode measured the rate of oxygen consumption resulting from the oxidation of ethanol in each sample. BAC was calculated by comparing an experimental sample to a known alcohol standard used in the calibration procedure.
Surgical procedures
When rats were at least 70 days of age they were anesthetized with an intra-muscular injection of anesthetic cocktail consisting of 9 mg/kg sterile physiological saline, 74 mg/kg ketamine, 3.7 mg/kg xylazine, and 0.74 mg/kg acepromazine. Injection volume was 2.0 mL/kg body weight. Supplemental s.c. ketamine injections at a volume of 0.2 mL were administered every 90 min to maintain anesthesia throughout the surgery. When fully anesthetized, the rat was secured in a stereotaxic instrument and a midline scalp incision exposed the skull and the stereotaxic placements for implanting microelectrodes in the right CA1 (AP: À3.8 relative to Bregma; ML: þ1.6; DV: À3.0) and the left interpositus (IP) nucleus (AP: À2.3 relative to the interaural line; ML: À2.7; DV: À5.7). CA1 microelectrodes were composed of a bundle of 4 microelectrodes (impedance w0.5e1.0 MU) connected to gold pins housed in a 6-pin connector (NB Labs, Austin, TX). IP microelectrodes were constructed from stainless steel insect pins insulated with Epoxylite Ò and etched to a fine tip. A small current passing between the electrode tip and a counter electrode brought the tip impedance to between 1.5 and 4.0 MU. Two microelectrodes were fixed together with dental acrylic with the electrode tips separated by approximately 1 mm and connected to gold pins housed in a second 6-pin connector. After electrode implantation, a small amount of bone wax was used to secure the electrodes and seal the skull. Two Teflon Ò -coated stainless steel electromyographic (EMG) electrodes, each connected to one of the two 6-pin connecters, were implanted in the anterior portion of the orbicularis oculi muscle of the left eyelid. A ground wire from each connector was secured to 1 of 3 skull screws. A bipolar stimulating electrode (PlasticsOne, Roanoke, VA) was implanted subdermally, dorsocaudal to the left eye. Both connectors and the stimulating electrode were secured with dental acrylic. The surgical site was sutured around the headstage and the antibiotic Povidine was applied liberally to the scalp. Rats were housed individually after surgery and handled once daily across the 7-day recovery period.
Behavioral training
Eyeblink conditioning took place in operant boxes (Coulburn Instruments, Allentown, PA) placed in sound attenuating chambers. Each operant box had 2 Plexiglas Ò and 2 stainless steel walls and a stainless steel floor grid. A speaker for the delivery of the tone CS was placed directly above the box. Electrodes and bipolar connecters on the rat's head were attached to a tether composed of lightweight wire connected to a commutator (NB Labs, Austin, TX), allowing the rat to move about freely. After approximately 7 days of recovery, all rats received one adaptation session (1 h) in which the tether was connected but no stimuli were presented. The next day, rats began the first of 12 training sessions, consisting of 100 trials delivered in 10 blocks of 10 trials. Trials were 80% reinforced (8 CSeUS paired and 2 CS-alone trials per block), resulting in 80 paired trials and 20 CS-alone trials per session. The 2.8 kHz, 85 dB tone CS was 380 ms in duration (sessions 1e6) or 980 ms in duration (sessions 7e12) and the US for all paired trials was a coterminating 1.5 mA, 100-ms periocular electric shock. Accordingly, the ISI for the initial 6 training sessions was 280 ms, and the ISI for the final 6 training sessions was 880 ms. The intertrial interval (ITI) was 30 AE 10 s.
Histology
After the last day of training, rats were overdosed with Euthasol Ò (Virbac Corp., Ft. Worth, TX). Direct current (100 mA) was passed through one electrode at each implantation site in the IP or area CA1 for approximately 10 s, producing a small electrolytic lesion to verify the neural recording location. Rats were subsequently perfused transcardially with physiologic saline, followed by a 10% formalin solution. Brains were extracted and placed in a sucrose formalin solution until fixed. Brains were sectioned (80 mm) with a cryostat throughout the deep nuclear region of the cerebellum and the entire hippocampal region and then mounted on gel-subbed slides. Sections were stained with cresyl violet followed by Prussian blue to visualize the location of the electrode placement and the presence of iron deposits following the lesion (Fig. 1) . A total of 35 rats was used in the current study, though data for two UC rats, two 3E rats, and one rat in each of the remaining groups (SI, 4E, and 5E) were excluded due to poor quality EMG records or improper electrode placement (i.e., missed both sites) for an N ¼ 28.
Behavioral data
Trials were triggered for data acquisition and stimulus delivery was relayed to the chambers by a customized computer program. Raw EMG data were sampled for 1500 ms on each trial. The signal was amplified (10,000Â), band-pass filtered (300e1000 Hz), digitized (500 Hz), rectified, smoothed (10-ms time constant), timeshifted (10 ms, to compensate for smoothing), and stored for offline analysis by a computer data acquisition system (Spike2, CED, London, UK). EMG data from each session were converted into comma-separated value files and then analyzed by a custom data analysis program (DataMunch program; King & Tracy, 1999 ) that computed the total number of trials in which a CR was detected. Thresholds for detecting CRs were set at 8 standard deviations above mean EMG activity during the 280-ms pre-CS period. Trials with elevated EMG activity during the 100-ms period immediately prior to CS onset were deemed bad trials and excluded from analysis. Any individual session that exceeded 25% bad trials was dropped. Elevated EMG activity during the 100-ms period immediately after CS onset was considered an alpha response (i.e., toneevoked startle response) and not counted as a CR.
Neural data
Neural activity was sampled for 1500 ms on each trial. The neural signal was passed through a JFET configured as a source follower, amplified (10,000Â), band-pass filtered (500e5000 Hz), digitized (20 kHz), and stored for offline analysis. IP and CA1 neural activity (ipsilateral and contralateral to the recorded eye, Fig. 1 . Photomicrographs of cresyl violet-stained sections at the level of the cerebellar interpositus nucleus (left) and area CA1 of the hippocampus (right). Electrode placement can be observed via the Prussian blue stain. Gray dashed ovals show the range of electrode placements for all subjects in both the IP and CA1 region. Cerebellar recordings were done ipsilateral to the trained eye and hippocampal recordings were done contralateral to the trained eye. respectively) were analyzed by isolating individual units using a moving time window with a threshold discrimination and template-matching algorithm (Spike2, CED, UK). For each brain region, up to 3 units with the best signal-to-noise ratio (2:1) were separated for analysis on each session. Isolated spikes were considered independent events across sessions. Neural activity during the CSeUS interval was converted into standard scores relative to the 280-ms pre-CS period. For the 280-ms ISI, one 280-ms bin was used. For the 880-ms ISI, three 293.3-ms bins were used to hold bin size across the 2 ISIs approximately constant. On each trial in which a behavioral CR was detected, difference scores were calculated by subtracting the mean neural activity in the pre-CS period from the mean neural activity for each bin of the ISI. Unit activity was averaged over 2 training sessions. Summary standard scores for each bin during the ISI were calculated by taking the mean of each difference score and dividing that mean by the corresponding standard error. The criterion for a significant change in neural activity for a given time bin was 2.02, the critical value for p 0.05 for a 2-tailed t test.
Statistical analyses
Behavioral data were analyzed using repeated-measures analysis of variance (ANOVA) with a nested design to capture differences in CR production to the short and long ISI. Neural activity was also analyzed using repeated-measures ANOVAs with a nested design. Simple repeated-measures ANOVAs, single-factor ANOVAs, paired t tests, and Fisher's PLSD were used as post hoc tests when significant main effects and interactions were obtained. A significant post hoc effect implies p 0.05. The alpha level was set at 0.05 for all tests. For missing session data, values were interpolated either from appropriate group means or from the individual values immediately prior to and after the missing value for a given subject. These instances of interpolation were rare (less than 5% of all training sessions) and were used only for repeated-measures analyses.
Results
Histology
Electrode tracks and marking lesions were used to confirm recording electrode placements. Fig. 1 illustrates representative photomicrographs of recording electrode placements in the IP (left side) and area CA1 (right side). For each image, the dashed gray lines indicate the range of all hits. Only data from rats with Percentage of emitted conditioned responses (%CR; mean AE SE) over training to the short 280-ms ISI. Groups UC and SI produced more CRs than the 4E and 5E rats over sessions 2e3, and more CRs than 5E rats over sessions 4e6. (B) Averaged CR peak latencies (mean AE SE) during CS-alone trials over training to the short 280-ms ISI. Postnatal ethanol exposure resulted in dose-dependent increases in CR peak latencies ($ ¼ significantly different from 4E; * ¼ significantly different from 5E). placements in the IP and/or area CA1 are described (N ¼ 28). Final distribution among groups was n ¼ 5 for UC rats, n ¼ 6 for SI rats, n ¼ 5 for 3E rats, n ¼ 6 for 4E rats, and n ¼ 6 for 5E rats. Roughly equal numbers of males and females made up each treatment group. Sex was not examined in the current study, albeit sex differences are known to influence delay EBC, with females performing better than males (Dalla & Shors, 2009 ).
Blood alcohol concentrations
Mean BACs across the 3 ethanol groups (3E, 4E, and 5E) are shown in Fig. 2A . A single-factor (treatment group) ANOVA yielded a significant main effect, F(2,14) ¼ 24.0, p < 0.0001. Post hoc analyses revealed significant pair-wise contrasts across all comparisons, meaning the averaged BAC for each group was significantly different from all others. Peak BAC for each subject on PD 4 was correlated with the averaged CR percentage across the initial 6 training sessions with the 280-ms ISI ( Fig. 2B ; see below for details), resulting in a significant negative correlation (R 2 ¼ 0.24, p < 0.05).
As predicted, higher peak BACs impaired CR acquisition to a greater degree than lower peak BACs.
Eyeblink conditioning
The percentage of emitted CRs across the 12 training sessions (Fig. 3A: sessions 1e6 ; Fig. 4A : sessions 7e12) was examined using a mixed-design 5 Â 2 Â 12 repeated-measures ANOVA, with 1 between-subjects factor (treatment group) and 2 within subject factors (ISI and session). Statistical analyses revealed a significant 3-way interaction, F(20,115) ¼ 1.8, p < 0.05, indicating CR acquisition and expression was differentially influenced across training to both ISIs by the various postnatal ethanol dosages. CR peak amplitude was measured across the same 12 sessions. A significant treatment group main effect was observed [F(5,20) ¼ 6.3, p < 0.0001], as well as a significant ISI Â session interaction [F(5,20) ¼ 7.9, p < 0.0001]. No other main effect or interaction reached significance. Follow-up post hoc analyses indicated no group differences in CR amplitude across any sessions except 3 and 4, with the UC rats exhibiting enhanced CR amplitudes relative to the remaining 4 groups (data not shown). Finally, to ensure no between-group differences exist in startle reactivity to the tone CS, alpha responses across the 12 training sessions were examined via single-factor (treatment) ANOVA. No effect of treatment group was observed for alpha peak (p ¼ 0.64) or timing of the peak response (p ¼ 0.81). Fig. 3A illustrates CR learning curves over training to the short (280 ms) ISI. The 5E rats were severely impaired in their acquisition of the behavioral response relative to the remaining 4 groups. The repeated-measures ANOVA revealed a significant treatment Â session interaction [F(20,115) ¼ 1.8, p < 0.05], and post hoc testing indicated significant increases in CR frequency across sessions 1e6 for all treatment groups, except group 5E (p ¼ 0.69). A session-by-session analysis revealed no significant treatment group differences in CR production for the first training session. Diminished response was seen in groups 4E and 5E across sessions 2 and 3 relative to groups UC and SI. Beginning on session 4, the 4E rats rebounded (i.e., no significant differences from controls) whereas the 5E rats continued to emit significantly fewer CRs. CR peak latency, averaged across sessions 1e6, was analyzed next based on The averaged percent CR for each treatment group across sessions 7e12. Groups UC and SI produced significantly more CRs than groups 3E and 5E and group 4E generated significantly more CRs than group 5E. (C) The averaged CR peak latencies for each treatment group across sessions 7e12. (D) The averaged change in CR peak latency from sessions 1e6 (280-ms ISI) to sessions 7e12 (880-ms ISI) (þ¼ significantly different from 3E; * ¼ significantly different from 5E). (Fig. 3B) . Postnatal ethanol exposure led to dosedependent increases in CR peak latency [F(4,23) ¼ 5.2, p < 0.005], with significantly longer latencies in the 4E and 5E rats compared to the UC and SI rats. Peak latencies in the 5E rats were also significantly longer than latencies in the 3E rats.
CS-alone trials
Postnatal ethanol exposure continued to affect CR production after transition to the 880-ms ISI (Fig. 4A) , as evidenced by a significant treatment effect [F(4,23) ¼ 5.5, p < 0.005]. There was no effect of training session, however, suggesting that asymptotic CR performance was established in all groups prior to the ISI switch. Fig. 4B illustrates the averaged percent CR for each treatment group across sessions 7e12. Groups UC, SI, and 4E generated significantly more blinks than group 5E, whereas the 2 control groups generated more blinks than group 3E. The averaged CR peak latency for sessions 7e12 is shown in Fig. 4C . No significant group differences were observed (p ¼ 0.95). Fig. 4D shows the averaged change in CR peak latency from sessions 1e6 to sessions 7e12. Groups UC and SI demonstrated greater shifts (i.e., lengthening) in CR peak latencies than groups 3E, 4E, or 5E, though the difference only approached statistical significance [F(4,21) 
Unit activity
Across each of the 12 training sessions, 1e3 units were acquired per subject in the IP and/or CA1, resulting, on average, in 9e18 recorded units per treatment group, per session, in each brain region. IP and CA1 unit activity were examined in blocks of 2 training sessions. Similar to the behavioral results, postnatal ethanol exerted a significant effect on neuronal activity during training to the short ISI in both the cerebellar IP [F(4,66) ¼ 5.0, p < 0.001] and hippocampal subregion CA1 [F(4,40) ¼ 5.5, p < 0.0005] (Fig. 5) . There was also a significant main effect of session in both brain regions, IP [F(2,132) ¼ 13.5, p < 0.0001] and CA1 [F(2,80) ¼ 7.9, p < 0.0001], indicating significant enhancement in IP and CA1 neuronal activity over training to the short ISI (Fig. 5A) .
Significant conditioning-related enhancements in unit activity, as evidenced by standard scores (dashed line in Figs. 5 and 6), were seen in the UC and SI rats by the end of session 2 (Fig. 5A) . In contrast, significantly enhanced unit activity was not seen in the 3E or 5E rats across sessions 1e6 with the short ISI, suggesting a slower-than-normal engagement of these neurons by the EBC procedure. Comparing across treatment groups, IP spiking in the UC rats was significantly higher than in the 5E rats over sessions 1e6, the 3E rats over sessions 1e4, and the 4E rats over sessions 3e4. Recall that the 3E rats did not display acquisition deficits over training to the short ISI. Unlike the 3E or 5E rats, the 4E rats did show significant increases in IP activity across sessions 3e6. Their activity rate was significantly elevated relative to 5E rats on sessions 1e2 and (along with the SI rats) on sessions 5e6. Analysis of CA1 recordings demonstrated significantly enhanced unit activation across sessions 1e4 in the UC rats and sessions 3e6 in the SI rats. Moreover, all 3 ethanol groups were significantly impaired compared to groups UC and SI across sessions 1e2 (Fig. 5B) . The SI animals continued to exhibit more CA1 activation across sessions 3e6 compared to the 3E, 4E, and 5E rats, whereas unit activity in UC rats was significantly enhanced relative to group 5E only. Finally, as seen in the IP, group 4E exhibited increased CA1 activation across sessions 5e6 compared to group 5E. Fig. 6 illustrates IP and CA1 unit activity (3 bins, each 293 ms) across sessions 7e12, when subjects were trained to the 880-ms ISI. Postnatal ethanol exerted a significant effect on both IP and CA1 neuronal responding [F(4,51) ¼ 2.9, p < 0.05, and F(4,40) ¼ 3.5, The UC rats demonstrated the greatest amount of conditioning-related changes in excitatory unit activity over training. The significance threshold (dashed line) was crossed by the UC, SI, and 4E rats, but not the 3E or 5E rats. (B) Average standard scores for CA1 unit activity over training to the 280-ms ISI. The 2 control groups exhibited the highest activity levels, whereas 3E and 5E rats showed attenuated activity. The significance threshold (dashed line) was crossed by the UC and SI rats, but not by any of the ethanol-exposed rats (! ¼ significantly different from UC; # ¼ significantly different from SI; þ ¼ significantly different from 3E; $ ¼ significantly different from 4E; * ¼ significantly different from 5E). IP activity was significantly enhanced (dashed line) in UC and 4E rats, and approached significance for the SI rats. IP unit activity was attenuated in groups 3E and 5E. (B) Average standard scores for CA1 unit activity over training to the long 880-ms ISI. CA1 activity was significantly enhanced (dashed line) in UC, SI, and 4E rats. CA1 unit activity was attenuated in groups 3E and 5E (# ¼ significantly different from SI; þ ¼ significantly different from 3E; * ¼ significantly different from 5E). p < 0.05, respectively]. There was no significant effect of training session, however. As seen with the short ISI, the UC rats exhibited significant increases in conditioning-related unit activity across sessions 7e12 whereas unit activity in the SI rats exceeded significance across sessions 9e10 only. The 4E rats also showed significantly enhanced unit activity across sessions 7e12. Fig. 6A shows enhanced IP unit activity in group UC relative to groups 3E and 5E over sessions 9e10. Group 4E had elevated IP activity relative to group 3E across sessions 9e10 and groups SI, 3E, and 5E across sessions 11e12. Thus, groups 3E and 5E generated significantly fewer CRs when trained to the 880-ms ISI and also displayed less excitatory IP unit activity. In Fig. 6B , significant enhancement of the CA1 unit was seen in the UC, SI, and 4E rats. Comparing across groups, enhanced activity can be seen across sessions 7e8 in groups SI and 4E relative to group 5E. Over sessions 11e12, CA1 activity in the 4E rats remained significantly elevated compared to the 3E and 5E rats.
Discussion
Utilizing an ISI shift paradigm, binge-like PD 4e9 ethanol administration resulted in delay EBC acquisition deficits in 5E rats trained to the 280-ms ISI and reduced responding in 3E and 5E rats following the ISI switch to 880 ms ( Fig. 3A and Fig. 4A ). The 4E and 5E rats also produced mis-timed CRs, with longer peak amplitude latencies than control subjects during training to the 280-ms ISI (Fig. 3B) . The shift in CR timing following the ISI shift was reduced in all ethanol-exposed rats, though the effect only approached significance. Multiple unit recordings in the cerebellar IP showed slower-than-normal increases in learning-dependent excitatory unit activity in the 3E and 5E rats (Figs. 5 and 6 ). Hippocampal CA1 unit activity showed a similar pattern across treatment groups. Importantly, no differences between ethanol-exposed and control rats in their responsiveness to the aversive US or in their performance during explicitly unpaired training have been reported (Green et al., 2000; Lindquist, 2013; Lindquist et al., 2007; Tran et al., 2007) . Nor were significant differences in startle reactivity to the tone CS found in the current study between the various treatment groups, in agreement with other reports (e.g., Stanton & Goodlett, 1998) . The data indicate the EBC deficit observed in ethanol-exposed rats is not due to impairments in processing the CS or US signal. Rather, deficiencies in CR acquisition and timing are proposed to be the result of ethanol-induced alterations in CSeUS associative processes within the brainstem-cerebellar EBC neural circuit (Green, 2004) .
Behaviorally, peak BAC on PD 4 in ethanol-exposed rats was negatively correlated with the averaged CR percentage across training to the short ISI (Fig. 2B) . CR acquisition was most severely impaired in the 5E rats, which produced significantly fewer conditioned blinks across sessions 2e6 compared to control animals (Fig. 3A) . The moderate ethanol dose retarded CR acquisition across sessions 2 and 3 in the 4E rats, whereas the low dose of alcohol had no significant impact on learning in the 3E rats. Following the switch to the 880-ms ISI the CR rate did not significantly change for any treatment group across the remaining sessions, suggesting the response rate was near or at asymptote at the completion of training to the 280-ms ISI. Averaged across sessions 7e12, the 3E and 5E rats produced significantly fewer CRs than the SI and UC rats. Interestingly, the 4E rats were not impaired relative to controls and emitted significantly more conditioned blinks than the 5E rats (Fig. 4B) . CR peak latencies were also selectively lengthened in the 4E and 5E rats during training to the 280-ms ISI (Fig. 3B) but not to the 880-ms ISI (Fig. 4C) . The results support our hypothesis that the dynamic interplay between the cortex and IP may be altered by early ethanol exposure, resulting in impaired learning and maladaptively timed conditioned blinks.
Unlike CR frequency, there were clear changes in CR topography following the ISI shift for the 2 control groups, with the peak amplitude latency shifting forward in time by approximately 100e200 ms (Fig. 4C and D) . This result is consistent with that reported by Hoehler and Thompson (1980) , who found that the peak amplitude of the nictitating membrane response in rabbits moved toward the new US onset time when switched from a 250-ms to a 500-ms ISI. Relative to the two control groups, the ethanolexposed rats displayed changes that were more modest in CR timing following the ISI shift. The CR peak latency increased by about 50e100 ms over sessions 7e12 (Fig. 4C and D) , although peak latencies in the 4E and 5E rats were already significantly longer than controls prior to the switch (Fig. 3B ). This latter point may partially explain the somewhat exaggerated increase in CR percentage across session 6 (last 280-ms ISI session) to session 7 (first 880-ms ISI session) in the 4E (12%) and 5E rats (19%). The remaining groups showed changes that were more modest in CR frequency. With the longer CSeUS interval, the 4E and 5E rats simply had more time to emit long-latency blinks which would be captured and counted as CRs. The longer CR peak latencies could also overshadow any deficits in the ethanol rats' ability to move the blinks' peak amplitude forward in time following the ISI shift (Fig. 4D) .
On average, control animals displayed higher rates of learning, better CR timing, and (UC rats only) more IP excitatory unit activity than the ethanol rats. It is important to note, however, that the unit data are presented as averaged standard scores, with dashed lines indicating significant increases in unit activity (Figs. 5 and 6) . Although the SI animals do not show significant differences in unit activity from ethanol animals, a higher proportion of neurons did show significant activation across sessions 3e6 during training to the short ISI (Fig. 5A ). Unit activity in the 3E and 5E rats, on the other hand, was below threshold throughout training to both the short and long ISI, although the 3E rats showed normal learning rates across sessions 1e6. As proposed by Green, Johnson, et al. (2002) , the data suggest that fewer conditioning-related units became plastic during delay EBC with the short ISI in rats administered the low or high ethanol doses over PD 4e9.
The current data reveal an interesting characteristic of the doseeresponse functiondnamely, the 4E rats perform better and show higher rates of IP and CA1 learning-related unit activity than the 3E rats during training to the long ISI (Figs. 4e6) . The increase in CR frequency of the 4E rats relative to 3E rats may be partially explained by their long-latency conditioned blinks. And yet, using an ISI discrimination taskdin which one CS is followed by the US after a short (280 ms) ISI and a second CS is followed by the US after a long (880 ms) ISIdBrown et al. (2008) reported a similar pattern for CR expression to the long ISI in adult rats. Specifically, rats dosed with 4 g/kg/day across PD 4e9 displayed impaired learning relative to controls across the early training sessions (to both the 280-ms and 880-ms ISI). This was not observed during the later sessions to the long ISI when they showed significantly enhanced performance relative to rats dosed with 3 g/kg/day on sessions 6, 10, 11, and 12 (Fig. 2, in Brown et al., 2008) . The 3E but not 4E rats were significantly impaired in the current study when averaged across sessions 7e12, relative to controls, though the 2 groups themselves did not significantly differ (Fig. 4A) . Nonetheless, it remains an interesting possibility that genuine differences in CR expression to the long ISI exist between the 3E and 4E rats and are perhaps mirrored in functional and/or structural differences.
As discussed above, postnatal ethanol exposure induces cell loss within the cerebellar deep nuclei, including the IP (Green, Tran, et al., 2002; Tran et al., 2005; Young et al., 2010) , and the estimated number of remaining neurons is significantly correlated to the EBC learning rate (Green, Tran, et al., 2002; Young et al., 2010) . Unbiased cell counts of the IP have been done with rats that received ethanol concentrations of 1.0, 2.0, 3.0, and 5.25 g/kg/ day (Green, Arenos, & Dillon, 2006; Green, Johnson, et al., 2002; Tran et al., 2005; Young et al., 2010) , resulting in a general trend toward more IP neuronal depletion with higher peak BACs. Postnatal ethanol exposure in the 4E rats (peak BAC 275 mg/dL) would therefore be predicted to induce greater IP cell loss than in the 3E rats (peak BAC 210 mg/dL). As seen in Fig. 6A , however, the 4E rats (but not the 3E or 5E rats) displayed significant enhancement in IP unit activity over sessions 9e12. Neurons recorded during each session were treated as independent populations, which yields information related to the number of neurons engaged by the behavioral task but does not address changes in firing rate (Maren, 2005) . The IP recordings suggest, then, that a greater proportion of neurons within the IP of 4E rats were responsive to the CS than the 3E ratsda point that is hard to reconcile if 4 g/kg/day of ethanol induced more IP cellular damage than 3 g/kg/day. Alternatively, CR deficits may not be tied solely to absolute IP numbers, but may reflect an imbalance in function between the IP and cerebellar cortex. In other words, the 4 g/kg/day of ethanol may have produced more uniform cell loss in the IP and cortex than the low (3 g/kg/day) or high (5 g/kg/day) alcohol doses. Considering the importance of corticaleinterpositus interactions in CR performance and timing, particularly with long ISIs, such an imbalance in cell numbers could prove more disruptive than uniform cell loss.
While the exact role of the cerebellar cortex in classical eyeblink conditioning remains an issue of debate (Attwell, Ivarsson, Millar, & Yeo, 2002; Freeman & Steinmetz, 2011; Green & Steinmetz, 2005; Hong & Optican, 2008; Koekkoek et al., 2003; Kotani, Kawahara, & Kirino, 2006; Wang & Liu, 2011; Yamazaki & Nagao, 2012) , one suggestion is that it aids in the establishment of IP plasticity and/or modulates topography of the behavioral response Villarreal & Steinmetz, 2005) . Plasticity at the parallel fiber-Purkinje cell synapse occurs as a result of coactivation of the 2 primary sensory inputs to the cerebellum, mossy fibers from granule cells and climbing fibers from the dorsal accessory olive (Thompson & Steinmetz, 2009) . Purkinje cells in the anterior lobe (which inhibit IP neurons) are proposed to fire vigorously in the early portion of the CS period followed by a decrease in firing, owing to long-term depression (LTD) during the later portion of the CS perioddregulating the amplitude and temporal accuracy of the behavioral response (Green & Steinmetz, 2005; Hesslow & Ivarsson, 1994; Medina et al., 2000) . Both in vivo and in vitro analyses indicate that acute ethanol exposure can disrupt LTD at the parallel fiber-Purkinje cell synapse, with observed reductions in LTD (Belmeguenai et al., 2008) as well as a reversal of synaptic plasticity, such that LTD is converted into LTP (Servais et al., 2007) . Ethanol-induced disruptions in LTD at the parallel fiber-Purkinje cell synapse could contribute to the impaired EBC and timing deficits observed in the present experiment, provided such disruptions are demonstrated to occur following postnatal ethanol administration (e.g., see Backman, West, Mahoney, & Palmer, 1998) .
It has been proposed that the cerebellum and hippocampus might process different aspects of the conditioning task (Kim & Baxter, 2001) . For instance, early in training the hippocampus is thought to associate the spatial and sensory features of the conditioning environment into a unitary representation (Rudy, 2009) , which can then be associated with the US and used to gate or modulate the acquisition and expression of the CS-dependent conditioned blink (Lindquist, 2013; Penick & Solomon, 1991) . Vogel et al. (2009) also hypothesized that delay EBC with long nonoptimal ISIs (unlike optimal ISIs) may necessitate the convergence of stimulus information in the IP from other brain regions, including the cerebellar cortex or hippocampus, for robust learningdependent synaptic plasticity to occur.
Consistent with previous studies (Berger et al., 1980; Berger & Thompson, 1978) , CA1 recordings in UC and SI subjects did reveal, in response to the short ISI, significant learning-dependent increases in CA1 unit activity early in training (Fig. 5B) . That said, only group SI showed significant enhancement in unit activity compared to the 5E rats and it was limited to sessions 7e8. CSmediated unit responding in the 3E and 5E rats did not cross the significance threshold over any of the 12 training sessions. CA1 unit activity in the 4E rats, in contrast, reached significance across sessions 5e6, and later, over sessions 9e12, mimicking the IP unit data discussed above. Thus, unit activity in the IP and CA1 was generally at levels consistent with diminished learning-dependent excitatory activity in the 3E and 5E rats. Further research will be required to better understand how the diminished CA1 activity potentially contributes to impaired delay EBC.
In relation to our stated goals, we conclude that binge-like PD 4 to PD 9 ethanol exposure dose-dependently alters CR acquisition and timing in adult rats and that these effects are reflected in IP and CA1 neuronal activity. The 5E rats learned the most slowly and, with the 4E rats, produced the longest CR peak latencies over training to the short ISI. The low dose of alcohol selectively impaired CR performance to the long ISI only in 3E rats. Data from the 4E rats are more perplexing, considering their higher rate of CR production to the long ISI and enhanced IP and CA1 activation. This finding deserves more experimental attention to determine if the results are a sampling artifact or represent a true treatment group difference (cf., Brown et al., 2008) . Following the ISI shift the CR peak latency in ethanol-exposed rats showed a trend toward less forward movement in time, relative to the 2 control groups. The lack of significant deficits might be partly explained, however, by the long-latency CRs generated by the 4E and 5E rats prior to the switch. The unit data generally support the behavioral results, indicating slower-than-normal increases in learning-dependent excitatory unit activity in both the IP and CA1 of 5E rats across all 12 sessions. The 3E rats, conversely, demonstrated normal CR acquisition to the 280-ms ISI but a lack of significant IP unit activity across the same period. Taken together, the results indicate that CR timing in eyeblink-conditioned subjects, particularly if different ISIs are used, may be a valuable measure for assessing ethanol-induced cerebellar dysfunction. This may aid in the development of clinical tools for the diagnosis of FASD individuals, including ARND children who exhibit a range of cognitive deficits but do not exhibit the gross physical dysmorphology typical of FAS (Jacobson et al., 2008 (Jacobson et al., , 2011 .
